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Abstract

The caudate and putamen nuclei have been traditionally divided into dorsal and ventral
territories based on their segregated patterns of functional and anatomical connectivity with
distributed cortical regions. Activity-dependent structural plasticity may potentially lead to the
development of regional volume correlations, or structural covariance, between the different
components of each cortico-striatal circuit. Here, we studied the whole-brain structural
covariance patterns of four neostriatal regions belonging to distinct cortico-striatal circuits. We
also assessed the potential modulating influence of laterality, age and gender. T1-weighted
three-dimensional magnetic resonance images were obtained from ninety healthy participants
(50 females). Following data pre-processing, the mean signal value per hemisphere was
calculated for the ‘seed’ regions of interest, located in the dorsal and ventral caudate and the
dorsal-caudal and ventral-rostral putamen. Statistical Parametric Mapping was used to estimate
whole-brain voxel-wise structural covariance patterns for each striatal region, controlling for the
shared anatomical variance between regions in order to obtain maximally specific structural
covariance patterns. As predicted, segregated covariance patterns were observed. Age was
found to be a relevant modulator of the covariance patterns of the right caudate regions, while
laterality effects were observed for the dorsal-caudal putamen. Gender effects were only
observed via an interaction with age. The different patterns of structural covariance are
discussed in detail, as well as their similarities with the functional and anatomical connectivity
patterns reported for the same striatal regions in other studies. Finally, the potential
mechanisms underpinning the phenomenon of volume correlations between distant cortico-

striatal structures are also discussed.



Introduction

Although overall brain volume acquires up to seventy-five percent of its adult weight by the age
of two years (Giedd et al. 1996), changes in regional brain structure continue throughout life
(Yakolev and Lecours 1967; Huttenlocher 1979; Pujol et al. 1993). Moreover, regional volumes
are only partially dependent on overall brain volume (Allen et al., 2002), and although the latter
undergoes strong genetic control, there are a number of non-genetic factors that modulate
regional brain volumes (Kennedy et al. 1998; Caviness et al. 1999). Non-invasive neuroimaging
techniques, such as structural magnetic resonance imaging (MRI), have enabled the
identification of some of these factors, such as activity-dependent structural plasticity (Butz et al.
2009), which reflects changes in regional anatomy as a function of the recent history of activity
within a given region (Draganski et al. 2004; May and Gaser 2006). In this sense, the existence
of functional brain networks of synchronously activated regions may be expected to result in

correlated gray matter volumes across distant structures (Seeley et al. 2009).

In general, studies assessing volume correlations, or structural covariance, between distant
brain regions have shown that homotopic and functionally related regions are significantly
correlated (Andrews et al. 1997; Mechelli et al. 2005; Zielinski et al. 2010), and that such
correlations may be differentially altered in brain disorders (Portas et al. 1998; Wright et al.
1999; Pujol et al. 2004; Mitelman et al. 2005, a, b, c; Cardoner et al. 2007; Modinos et al. 2009;
Seeley et al. 2009; Xu et al. 2009; Kasparek et al. 2010). Although several methods are
appropriate for structural covariance assessment (see, for instance, Xu et al. 2009), currently
the ‘seed-based’ region-of-interest approach is the most widely used. This method is typically
used to characterize voxel-wise structural covariance patterns across the whole brain with a
selected ‘seed’ region that is considered to represent an important anatomical component of a
broader functional network. The idea of estimating structural covariance in such a manner is
roughly equivalent to functional MRI and diffusion tensor imaging (DTI) studies of functional and

anatomical (i.e., white matter) connectivity, respectively.



Since their initial description (Alexander et al. 1986), the so-called cortico-striatal circuits have
been extensively studied both in basic and clinical neuroscience given the multiplicity of
functions they support and their relevance for different disorders. The caudate nucleus and
putamen (neostriatum) have been traditionally divided into dorsal and ventral functional
territories based on their known anatomical connectivity with distributed cortical regions, and, in
particular, the frontal cortex (Alexander et al. 1986; Lawrence et al. 1998; Nakano et al. 2000).
The territories have come to be recognized as distinct components of multiple distributed
‘cortico-striatal circuits’ or networks implicated in different cognitive, motor (‘dorsal’) and
emotional-motivational (‘ventral’) aspects of behavior (Haber 2003). Importantly, fMRI and DTI
studies in humans have validated this dorsal-ventral distinction by mapping the functional and
anatomical connectivity of caudate and putamen subregions (Lehéricy et al. 2004; Postuma and

Dagher 2006; DiMartino et al. 2008; Draganski et al. 2008).

Structural covariance of the neostriatum has also been explored, with results supporting the
existence of dorsal and ventral cortico-striatal networks and, more broadly, the idea that
functionally related regions are indeed correlated in volume (Cohen et al. 2008; Colibazzi et al.
2008). However, due to differences in the precise neostriatal regions assessed in these studies,
it has until now been difficult to compare their results directly. Differences in the location and
size of selected regions are expected to have a relevant influence on resulting covariance or
connectivity maps, in view of the known compression and partial overlap of such networks
within small basal ganglia structures (Haber 2003). Additionally, as strong volumetric
correlations are typically observed between closely located brain regions, the structural
covariance patterns obtained from different striatal territories have proved to be somewhat
unspecific. Such a problem might well be overcome by a firm statistical control of the anatomical

variance shared between the different striatal territories under study.

The aim of the present study was to assess whole-brain structural covariance patterns of four
distinct neostriatal territories: the dorsal and ventral caudate nucleus, and the dorsal-caudal and
ventral-rostral putamen. We chose our anatomical coordinates on the basis of several recent

functional connectivity studies that have mapped the putative corticostriatal networks in healthy



participants (DiMartino et al. 2008; Kelly et al. 2009) and patients with neuropsychiatric
disorders (Harrison et al. 2009; Kwak et al. 2010; DiMartino et al. 2011; Fitzgerald et al. 2011,
Sakai et al. 2011). We controlled for the shared variance between our seed regions to obtain
maximally specific structural covariance patterns for each of the regions studied. For each
region, the potential modulating influence of age and gender, and the effects of laterality, were

also investigated.

Materials and methods

Subjects

Ninety healthy volunteers participated in the study (50 women, mean + SD age = 31.9 £ 10.85
years, range 20-58 years). Subjects were selected as healthy controls to participate in ongoing
projects concerning structural brain alterations in psychiatric disorders. A detailed medical
history was recorded and a structured clinical interview was administered in order to exclude
subjects with current or past psychiatric, neurological or other relevant medical disorders, or
contraindications to MRI. Post-scanning, subjects’ data were also excluded if brain images
proved to be abnormal upon visual inspection, although no subjects were actually excluded for
this reason. All participants gave written informed consent to participate in the study, which was
performed in accordance with the ethical standards laid down in the 1964 Declaration of
Helsinki and approved by the institutional review board of the Bellvitge University Hospital,

Barcelona.

Data acquisition and pre-processing

Images were acquired with a 1.5-T Signa Excite system (General Electric, Milwaukee,
Wisconsin) equipped with an 8-channel phased-array head coil. A high-resolution T1-weighted
anatomical image was obtained for each subject using a 3-dimensional fast spoiled gradient

inversion-recovery prepared sequence with 130 contiguous slices (TR, 11.8 milliseconds; TE,



4.2 milliseconds; flip angle, 15°; field of view, 30 cm; 256x256 pixel matrix; slice thickness, 1.2

mm).

Imaging data were transferred and processed on a Microsoft Windows platform using a
technical computing software program (MATLAB 7; The MathWorks Inc, Natick, Mass) and
Statistical Parametric Mapping software (SPM5; The Wellcome Department of Imaging
Neuroscience, London, UK). Following the inspection of image artifacts, image preprocessing

was performed with the VBMS5 toolbox (http://dbm.neuro.uni-jena.de/vbm/). Briefly, native-space

MRIs were segmented and normalized to the SPM-T1 template by means of the unified
segmentation approach (Ashburner and Friston 2005). A hidden Markov random field model
was applied to minimize the noise level of resulting gray matter segments, which were resliced
to a final voxel size of 1mm?®. Additionally, the Jacobian determinants derived from the spatial
normalization were used to modulate image voxel values to restore volumetric information
(Good et al. 2001). Finally, images were smoothed with a 12 mm full-width at half maximum

(FWHM) isotropic Gaussian kernel.

Seed volumes extraction

To assess the structural covariance pattern of each specific striatal subdivision, we extracted
individual gray matter volumes from eight seed-regions of interest (four per hemisphere). Our
approach aimed to segregate the structural covariance patterns of dorsal and ventral regions of
the caudate and putamen nuclei. This approach was based on recent functional connectivity
studies (DiMartino et al. 2008; Harrison et al. 2009) using the dorso-ventral boundaries initially
proposed by Postuma and Dagher (2006). For each region, seeds were defined with the
MarsBar region-of-interest toolbox (Brett et al. 2002) as 3.5 mm radial spheres centered at the
following bilateral Montreal Neurological Institute (MNI) coordinates (see Fig. 1): (i) dorsal
caudate [x(+)=13, y=15, z=9]; (ii) ventral caudate, involving the nucleus accumbens [x(+)=9,
y=9, z=-8]; (iii) dorsal caudal putamen [x(+)=28, y=1, z=3]; and (iv) ventral rostral putamen

[xX(%)=20, y=12, z=-3]. These seeds were spatially separated by at least 12mm (1 FWHM).


http://dbm.neuro.uni-jena.de/vbm/

Global gray matter volume was calculated by integrating all the modulated voxel values of gray

matter segments.

Data analysis

Eight SPM multiple regression models were estimated in order to test, across subjects, the
strength of structural covariance of the striatal seeds (four per hemisphere) with the other brain
areas. In each regression model, together with the volume of the seed of interest, we included,
as confounding covariates, global gray matter, age, gender, and the remaining three striatal

seed volumes from the same hemisphere.

To assess for potential interactions of striatal connectivity with gender and age, subjects were
divided into four subgroups (male / female — younger / older). The cut-point between younger
and older subjects was 30 years, with the aim of providing a relatively balanced distribution of
subjects across groups (22 younger males, 18 older males, 28 younger women, and 22 older
women) and two age groups that were reasonably representative of our particular range (20-58
years), which, in developmental terms, included early and middle adulthood subjects. We
estimated eight additional SPM models similar to those described above, although subjects
were divided into these four subgroups. Such models permitted the assessment of first-order
(with gender or age) and second-order (with gender and age) interactions of the seed of
interest’s voxel-wise correlations. Global gray matter and the other three seed volumes from the
same hemisphere were introduced as confounding covariates. The analyses were initially
restricted to the regions where significant correlations with the seed of interest were observed in
the general analyses described above (using small volume correction [SVC] procedures to
assess statistical significance), although as interactions of structural covariance with age and
gender may also be expected outside these regions, analyses were also performed at the

whole-brain level.



For the assessment of potential asymmetries in structural covariance, four multiple regression
models (one for each pair of homologous seeds) were built. In these models, gray matter
images were entered twice, in their original orientation and flipped (right hemisphere on the left
and vice versa). The models were estimated in such a way that seed volumes from the left
hemisphere were correlated against the original images, whereas seed volumes from the right
hemisphere were correlated against the flipped images. Therefore, when analyzing covariance
differences between left and right seeds, findings located in the left hemisphere corresponded
to between-seed differences in ipsilateral connectivity, whilst findings located in the right
hemisphere corresponded to between-seed differences in contralateral connectivity. Global gray
matter, age, gender, and the other striatal seed volumes were entered as confounding

variables.

In all the analyses, variables were sequentially orthogonalized following an iterative Gram-
Schimdt procedure. In each model, the global gray matter volume was always the first to be
entered, followed by age and gender (except in the analyses assessing for potential interactions
with these variables), the striatal seeds of no interest, and the striatal seed of interest. Following
such an approach, we aimed to remove from the seed of interest all the variance shared with
the other striatal seeds (as well as with the general confounding factors of global gray matter,
age and gender), thus avoiding the inclusion of multiple collinear measurements in the design
matrix. The results of such analyses were expected to be maximally specific structural
covariance whole-brain patterns. T-statistic maps were generated by assessing the positive
correlations of the seed-region of interest with the rest of the brain (voxel-wise). A statistical
threshold of p<0.05 False Discovery Rate (FDR) corrected was used in all cases. In all the
analyses, voxels less than 2 cm (~ 2 FWHM) away from the seed of interest were masked out in

order to remove correlations that could be induced by smoothing (Mechelli et al. 2005).

Correlations between our seed-regions of interest, including correlations between homologous
seeds, were calculated in SPSS v.15 (SPSS Inc., Chicago, IL) controlling for age, gender and

global gray matter volume.



Results

Caudate seeds

Our results showed a segregation of the patterns of structural covariance of dorsal and ventral
caudate seeds (Fig. 2 and Table 1). Dorsal caudate seeds correlated with the dorso-medial
prefrontal regions (medial frontal gyrus). The left dorsal caudate region demonstrated a specific
association with the dorsal (rostral) anterior cingulate cortex, whereas the right dorsal caudate
region demonstrated a specific association with the right anterior insular cortex. Despite such
asymmetries in the pattern of structural covariance, formal testing of correlation asymmetries

between the left and right dorsal caudate regions showed no statistically significant differences.

The ventral caudate/accumbens region demonstrated mostly symmetrical structural covariance
patterns, with significant correlations detected at the medial orbitofrontal cortex (gyrus rectus),
medial thalamus, dorsal (caudal) anterior cingulate cortex, left middle frontal cortex (specifically
for the left seed), ventral midbrain (ventral tegmental area (VTA)-substantia nigra (SN) region),
and other ventral regions such as the amygdalae, the parahippocampal and fusiform gyri, and
the right cerebellar cortex. Asymmetry testing indicated no significant between-hemisphere

differences.

Putamen seeds

Patterns of structural covariance of the dorso-caudal and ventro-rostral putamen were less
spatially extended than those of the caudate subregions (see Fig. 2 and Table 1). Both dorso-
caudal putamen regions were correlated with the left fusiform gyrus and with discrete thalamic
nuclei (left seed with the medial dorsal nucleus, and right seed with the ventral lateral nucleus).
The left dorso-caudal putamen region was additionally correlated with the contralateral angular
gyrus, hippocampus, and ventro-caudal putamen. This asymmetry in the structural covariance
pattern was confirmed by explicitly testing the differences in the structural covariance pattern of

the left and right dorso-caudal putamen seeds (see Table 2).
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The ventro-rostral putamen region was correlated with the anterior insula bilaterally, with the
right precentral gyrus and the ipsilateral temporal pole. Specifically for the left hemisphere, we
observed a significant correlation with the ipsilateral inferior frontal gyrus, and specifically for the
right hemisphere, we observed a correlation with the contralateral temporal pole, although direct

testing of the asymmetries revealed no significant differences.

Interactions with gender and/or age

When analyses were restricted to the aforementioned significant structural covariance maps, we
detected that the correlation between the right ventral caudate and the ipsilateral medial
thalamus was stronger in younger than in older individuals (see Fig. S1). At the whole brain
level, we observed a significant interaction with age in the structural covariance pattern of the
right dorsal caudate region. Specifically, a correlation between this region and the sensorimotor
and inferior parietal cortices was observed in older individuals, but not in the younger subgroup

(see Fig. 3).

Although no significant interactions with gender were detected, we observed (at the whole-brain
level) a second-order interaction between the left dorsal putamen and three clusters located at
the right superior temporal gyrus (extending to the right Heschl gyrus), the posterior cingulate
cortex, and the caudal portion of left middle temporal gyrus (see Fig. 4). Specifically, within the
group of younger subjects, such correlations were significantly stronger in male than in female

subjects. This gender effect was not observed in the older subject cohort.

Correlations between seeds

All homologous seed pairs were significantly correlated. Dorsal caudate seeds were correlated
atr = 0.86, ventral caudate seeds at r=0.82, dorsal caudal putamen seeds at r = 0.68, and the
ventral rostral putamen seeds at r=0.67 (p<0.0005 in all cases). We also studied the

correlations between non-homologous seeds. Collapsed across hemispheres, we observed a
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significant correlation between the ventral caudate and the ventral rostral putamen (r=0.76,
p<0.0005), and between the dorsal caudal putamen and the ventral rostral putamen (r=0.48,

p<0.0005; see Table S1).

Finally, we conducted an analysis aimed at assessing the relevance of controlling for global
gray matter content in structural covariance studies. Within SPSS, we studied the correlation
between raw seed values and the average of the voxel values from the regions significantly
correlated with each particular seed in the above SPM analyses. From these analyses, we
extracted the standardized differences in fit value (SDFFIT) for each subject, which were
correlated with global gray matter content. Correlations were significant and positive for all
seeds, with fair to moderate r values (from 0.21 to 0.53), and p<0.05 in all cases, which meant

that larger global gray matter content was associated with larger structural covariance values.

Discussion

We characterized structural covariance patterns of the neostriatum by adopting an anatomical
parcellation scheme that has been used in several recent human functional connectivity studies
(DiMartino et al. 2008, 2011; Harrison et al. 2009; Kelly et al. 2009; Kwak et al. 2010; Fitzgerald
et al. 2011; Sakai et al. 2011). Our results indicate that neostriatal structural covariance
networks overlap well with corresponding functional connectivity results, despite being generally
more restricted in their cortical distribution, as is also reflected in other previous research
(Cohen et al. 2008). We have also shown that such structural covariance patterns are highly
symmetrical, with the exception of the dorsal-caudal putamen patterns. Finally, our results
suggest that such structural covariance patterns interact with age, thus demonstrating the

dynamic nature of the phenomenon of related gray matter content across distant structures.

Dorsal and ventral caudate subregions showed segregated patterns of structural covariance.
On the one hand, dorsal caudate was mainly correlated with dorso-medial prefrontal regions,

such as the supracallosal anterior cingulate and paracingulate cortices, but also with the right
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anterior insular cortex. On the other hand, the ventral caudate was bilaterally correlated with
ventral limbic structures, such as the medial orbitofrontal cortex, the amygdala, and the
parahipocampal gyrus. It was also correlated with the ventral aspect of the cingulate gyrus
(where most of the limbic inputs to the cingulate are received (Paus 2001), from the amygdala
(Barbas and De Olmos 1990) or the ventral striatum (Kunishio and Haber 1994)), and with
different subcortical structures such as the medial thalamus, the midbrain or the cerebellum.
Importantly, these findings are in general agreement with the traditional cortico-striatal circuit
models (Alexander et al., 1986) and with previous studies assessing the functional and
structural connectivity of the same striatal territories (Lehéricy et al. 2004; Postuma and Dagher

2006; DiMartino et al. 2008; Draganski et al. 2008).

The dorsal-caudal putamen showed the most restricted structural covariance pattern of all the
regions assessed. Besides the expected correlation with the homologous seed, the right dorsal-
caudal putamen was only correlated with the left lingual gyrus and the ipsilateral ventral lateral
nucleus of the thalamus, while the left dorsal putamen was correlated with the medial dorsal
nucleus of the thalamus, and, interestingly, with the right angular gyrus and the right
hippocampus, which were the only significant findings in the asymmetry analyses performed
between all homologous seed pairs. Although the specific meaning of such lateralization is not
clear, it indicates that structural covariance patterns may be modulated by brain asymmetries.
Regarding the ventral-rostral putamen, it was bilaterally correlated with the anterior insular
cortex and the temporal pole, and with the adjacent neocortical regions of the left inferior frontal
and right precentral gyri. Such data are in agreement with previous functional connectivity
findings (DiMartino et al. 2008; Harrison et al. 2009), suggesting that the ventral-rostral putamen
is related to structures (i.e., anterior insular cortex/frontal operculum) of the ventral-lateral
prefrontal system (Price and Drevets 2010). The superior temporal pole is connected to these

structures via the uncinate fasciculus (Kier et al. 2004).

Some of the above-mentioned findings deserve further discussion. Within the cortico-striatal
circuit models, the thalamus receives information after basal ganglia processing as a final

output relay before reaching the cortex, information that is conveyed through specific thalamic
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nuclei as a function of the cortico-striatal loop involved (Middleton and Strick, 2000). In general,
our findings are in agreement with this scheme: the ventral caudate was correlated with the
medial thalamus (from which projections are sent to the prefrontal cortex), whereas the right
dorsal-caudal putamen was correlated with the ventral lateral nucleus of the thalamus, which is
connected to premotor and motor cortices and integrates cortical motor information with dorsal
striatal output (McFarland and Haber 2000, 2002; Draganski et al. 2008). Nevertheless, our
finding of a correlation between the left dorsal-caudal putamen and the dorsal medial thalamus
is in apparent conflict with such a scheme. Interestingly, functional connectivity studies have
also detected asymmetric correlations between the putamen and the thalamus (Postuma and
Dagher 2006), albeit in an opposite manner (i.e., right putamen correlating with medial thalamus
and left putamen correlating with more ventro-lateral regions). Such results, most probably
caused by the limited spatial resolution of current imaging techniques, may indeed indicate that
each striatal territory is connected to different thalamic nuclei, probably due to the substantial
amount of collateralization detected at basal ganglia output structures (i.e., the internal and

external pallidum and the pars reticulata of the substantia nigra) (Graybiel, 2005).

Correlations between the striatum and the thalamus also differed in their extent. In comparison
to the putamen-thalamus correlations, the ventral caudate showed a more extended pattern of
structural covariance with the thalamus. In this respect, it is important to point out that the
medial thalamus is also a major source of input information to the ventral striatum (Haber and
Calzavara 2009). Such reciprocal connections may well be reflected in an increased structural
covariance between structures. Furthermore, since our results also showed a correlation
between the ventral striatum and the right cerebellar hemisphere, covariance between the
ventral striatum and the thalamus may also be modulated by the incoming projections from the
dentate nucleus of the cerebellum (conveying output information from the cerebellar cortex),
which reach the striatum through a thalamic relay (Bostan and Strick, 2010; Hoshi et al., 2005).
In this sense, our results may also suggest that the ventral striatum is a preferential target of

such cerebellar projections.
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Also of interest was the correlation observed between the ventral striatum and the region
comprising the ventral tegmental area and the substantia nigra, which is in agreement with
previous functional connectivity (Harrison et al. 2009) and structural covariance (Cohen et al.
2008) findings. This midbrain region provides extensive dopaminergic input to the ventral
striatum and receives even more extensive reciprocal afferences (Haber 2003). Such
connections mediate reinforcement-based learning, and provide the substrate for the existence
of reciprocal interconnections between the different cortico-striatal loops and the dopaminergic
reward system (Graybiel, 2008; Pennartz et al., 2009). The connection between cortico-striatal
circuits and the reward system may also rely on the striosomal pathways originating in the
dorsal striatum (Crittenden and Graybiel, 2011; Graybiel 2005), although we have not detected
any correlations between dorsal striatal regions and the dopamine-containing neurons of the
midbrain, most probably because the identification of such pathways remains elusive for current
imaging techniques. Nevertheless, considering that striosomes are preferential targets of limbic
structures (Crittenden and Graybiel, 2011), it is noteworthy that we have observed a correlation

between the anterior insular cortex and dorsal caudate.

Our results are in general agreement with the idea that structural covariance seems to depend
on the existence of functional connectivity between regions (Seeley et al. 2009; Zielinski et al.
2010). In this sense, insofar as functional connectivity depends on the existence of direct white
matter connections between structures (Damoiseaux and Grecius 2009), structural covariance
between functionally connected regions may be mediated by mutually trophic influences of
white matter tracts (Mechelli et al. 2005, Wright et al. 1999). Additionally, if no direct anatomical
connections exist, structural covariance may also depend on the release of use-related trophic
factors, which may link synaptic density and neuropil mass within functionally connected regions
(Seeley et al. 2009). Indeed it has been shown that synchronous neural firing promotes
synaptogenesis within distributed brain networks (Katz and Shatz 1996; Bi and Poo 1999).
However, somewhat unexpectedly, we also observed volumetric correlations between regions
that do not appear to have strong functional connectivity. In this case, structural covariance may

be expected to rely upon indirect connections between structures.
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Nevertheless, despite the above assumptions, the patterns of structural covariance described
here were less extended than those described in functional or structural connectivity
assessments of the same (or partially overlapping) striatal territories (Lehéricy et al. 2004;
Postuma and Dagher 2006; DiMartino et al. 2008; Draganski et al. 2008; Harrison et al. 2009).
Relevantly, we have found no evidence of significant structural covariance between the dorsal
caudate and the dorsolateral prefrontal cortex, or between the dorsal-caudal putamen and the
motor-premotor cortices. In this respect, it is important to highlight that increased functional
connectivity between structures may not only be mediated by structural plasticity, but also by
functional plasticity (i.e., Hebbian synaptic plasticity). Functional plasticity is supposed to
change synaptic strengths without changing the anatomical connectivity between neurons (Butz
et al., 2009), and therefore without promoting structural covariance. Also, complex interactions
may exist between functional and structural plasticity. Thus, it has been proposed that, in order
to maintain desired levels of activity (i.e., neuronal homeostasis), increases in functional
plasticity may be compensated by decreases in the anatomical connectivity between neurons
(Butz et al., 2009). This idea may well explain how regions connected at the functional level are

not structurally linked.

There are also regional differences in the capacity to show structural plasticity. It has been
reported that structural plasticity (i.e., synaptic turnover or rewiring, and changes in the dendritic
arborization or spine density) is much more frequently observed in limbic regions than in the
prefrontal, motor and sensory cortices (Butz et al., 2009; Kolb et al. 2003; Neufeld et al. 2009).
Also, by means of cortical thickness measurements, Lerch et al. (2006) observed that primary
motor and sensory cortices show the least structural covariance with other cortical regions.
Significantly, such regional differences in the capacity to show structural plasticity seem to be
mediated by the presence of particular neurotransmitters, which may act as neurotrophic
factors. Structural plasticity in prefrontal and limbic cortices depends on optimal dopamine
levels (Neufeld et al. 2009), and, in humans, structural covariance between the neostriatum and
the dorsolateral prefrontal cortex is increased in the carriers of a specific haplotype of a protein
(DARPP-32) related to molecular mechanisms of dopaminergic neurotransmission (Meyer-

Lindenberg 2009).
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Developmental factors may also play a role in mediating the patterns of structural covariance
described in the present study. Similarities in gene expression or similar responses to neuro-
hormonal factors may underpin volumetric correlations across distant regions (Wright et al.
1999). For example, such factors may explain the high correlation values observed for all pairs
of homologous seeds. Late neurodevelopmental factors may also play a role therein, as it has
been shown that structural covariance develops from infancy to adolescence in cortical
functional networks (Zielinski et al. 2010) and in cortico-striatal circuits (Colibazzi et al. 2008). In
our adult sample we also observed a significant influence of age, although, in this case, as both
increases and decreases of structural covariance with aging. Our results suggest that patterns
of structural covariance are dynamic and, although dissimilar aging patterns across structures
(Raz et al. 2005) may specifically account for the progressive loss of structural covariance, the
interactions with age observed here might be better explained by changes across time in the
functional and structural connectivity between structures (Gong et al. 2009; Dosenbach et al.
2010). Specifically, we found an increased structural covariance between the ventral striatum
and medial thalamus in younger subjects and an increased structural covariance between the
dorsal caudate and somatosensory regions in older subjects. Speculatively, it is tempting to
interpret such results within the framework of a ventral-to-dorsal gradient in the cortico-striatal
control of behavior. According to this idea, acquired behaviors progressively move from an initial
control by ventral cortico-striatal circuits, responsible for goal-oriented behaviors and processing
immediate rewards, to a control exerted by dorsal circuits, responsible for habitual modes of

action and processing future rewards (Graybiel, 2008; Tanaka et al., 2004).

Furthermore, we also observed an interaction between gender and the structural covariance of
the left dorsal-caudal putamen with three cortical regions, although such an interaction also
depended on age, which would suggest that, in our sample, age effects were more important
modulators of structural covariance than gender-related factors. Nevertheless, gender-related
factors (e.g., circulating levels of sex hormones) may affect regional volumes in the adult brain
(Witte et al. 2010), and previous studies have shown that structural connectivity within the

cortex is indeed modulated by gender (Gong et al. 2009; Yan et al. 2010). Finally, our analyses
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also showed that structural covariance appears to be related to global gray matter content. This
may be interpreted as evidence that in larger brains regional gray matter measurements are
more related to global gray matter than in smaller brains, resulting in a slightly decreased
interregional covariation in the latter. Be that as it may, as we controlled for global gray matter

content in all our analyses, our results should not be directly related to this finding.

Our study does, however, have certain limitations. Firstly, although we have tried to interpret our
structural covariance findings as related to functional and structural connectivity, it must be said
that such an association is, for the time being, speculative. Further research using multimodal
imaging assessments (i.e., by means of fMRI, DTI and structural MRI with the same set of
subjects) should directly address this issue. Secondly, although our age-effect assessment was
based on splitting the sample into two groups to provide a fair representation of the age range
of our subjects, age distribution was skewed towards younger subjects, which resulted in a
somewhat unbalanced distribution of the subjects across age groups. Future studies specifically
assessing changes in structural covariance patterns across different age ranges may be of
particular interest in this respect. Bearing such limitations in mind, our findings should be
interpreted as further evidence that the gray matter content of distant structures may be
correlated and that such correlations are mainly observed within networks of functionally and/or
structurally connected regions. Potential factors affecting structural covariance include age,
gender and lateralization. In addition to providing a way to explore structural plasticity with
neuroimaging techniques, the findings should be of further interest in characterizing structural

brain network alterations in basal-ganglia disorders.
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Table 1 Regions showing significant structural covariance with each of the neostriatal seeds

a p value Cluster extent Anatomical location
X y z tvalue (FDR corrected) (voxels)
Left Dorsal Caudate
14 15 10 15.52 <0.0005 3501 Right Caudate
2 36 12 3.77 0.030 3220 Right Anterior Cingulate Cortex
-4 12 42 3.55 0.044 Left Anterior Cingulate Cortex
-1 42 27 3.51 0.05 Left Medial Frontal Gyrus
Right Dorsal Caudate
-11 14 8 17.29 <0.0005 3069 Left Caudate
37 15 6 4.38 0.004 1564 Right Insula
40 11 -17 3.67 0.037 421 Right Insula
-1 32 39 3.59 0.046 1273 Left Medial Frontal Gyrus
Left Ventral Caudate
11 10 -9 10.17 <0.0005 13578 Right Ventral Striatum
13 11 6 7.85 <0.0005 Right Caudate
-5 1 7 5.58 <0.0005 Left Medial Thalamus
-5 -9 -10 5.51 <0.0005 Left Midbrain (VTA/SN region)
-3 27 -15 4.75 <0.0005 Left Gyrus Rectus
-19 -3 -15 4.70 <0.0005 Left Amygdala
17 -7 -11 3.89 0.006 Right Amygdala
-12 3 9 9.50 <0.0005 709 Left Caudate
-22 8 50 4.34 0.001 334 Left Middle Frontal Gyrus
-32 -39 -21 4.01 0.004 460 Left Fusiform Gyrus
44 -71 -30 3.87 0.006 1530 Right Cerebellar Hemisphere
-2 10 32 3.83 0.007 1619 Left Mid Cingulate Cortex
Right Ventral Caudate
-9 9 -6 12.75 <0.0005 18209 Left Ventral Striatum
-9 6 6 6.36 <0.0005 Left Caudate
-1 25 -14 6.00 <0.0005 Left Gyrus Rectus
-16 0 -13 5.36 <0.0005 Left Amygdala
3 -2 5 5.30 <0.0005 Right Medial Thalamus
-5 -7 -10 5.15 <0.0005 Left Midbrain (Ventral Tegmantal Area/Substantia Nigra)
14 9 11 6.50 <0.0005 391 Right Caudate
23 -43 -13 4.40 0.003 2090 Right Parahipocampal Gyrus
1 2 35 3.72 0.017 1180 Right Mid Cingulate Cortex
49 -65 -28 3.50 0.030 1163 Right Cerebellar Hemisphere
-3 26 24 3.44 0.035 273 Left Anterior Cingulate Cortex
-21 -36 -15 3.36 0.043 499 Left Parahipocampal Gyrus
Left Dorsal-Caudal Putamen
29 0 0 8.65 <0.0005 5285 Right Putamen
34 -8 -14 3.73 0.021 Right Hippocampus
37 -58 33 3.79 0.017 64 Right Angular Gyrus
-25 -61 -11 3.77 0.018 157 Left Lingual Gyrus
-7 -17 1 3.65 0.03 141 Left Thalamus (Medial dorsal nucleus)
Right Dorsal-Caudal Putamen
-26 -5 3 8.82 <0.0005 2932 Left Putamen
-26 -64 -9 3.99 0.012 270 Left Lingual Gyrus
9 -12 4 3.67 0.032 30 Right Thalamus (Ventral lateral nucleus)
Left Ventral-Rostral Putamen
22 15 -1 10.11 <0.0005 5498 Right Putamen
35 16 -4 4.08 0.005 Right Anterior Insula
-41 11 9 5.22 <0.0005 3758 Left Anterior Insula
-48 28 -8 4.28 0.003 Left Inferior Frontal Gyrus (Pars Orbitalis)
49 0 20 4.42 0.002 294 Right Precentral Gyrus
-49 7 -23 3.48 0.028 262 Left Superior Temporal Pole
Right Ventral-Rostral Putamen
-20 13 -3 10.19 <0.0005 17071 Left Putamen
-47 8 -24 4.30 0.003 Left Superior Temporal Pole
-42 7 8 4.11 0.005 Left Anterior Insula
38 4 -25 4.41 0.002 1343 Right Superior Temporal Pole
49 2 20 3.99 0.007 246 Right Precentral Gyrus
37 5 -5 3.74 0.012 239 Right Anterior Insula

%, y, z coordinates are reported in standard Montreal Neurological Institute (MNI) space




27

Table 2 Significant asymmetries in the patterns of structural covariance

X y z* tvalue pvalue® Direction of findings Anatomical location

Dorso-Caudal Putamen (Contralateral Correlations)

33 -5 -7 4.25 <0.0005 Left seed > Right seed Right Ventral-Caudal Putamen
26 -8 -19 3.40 <0.0005 Left seed > Right seed Right Hippocampus

32 61 34 3.07 0.001 Left seed > Right seed Right Angular Gyrus

X, y, z coordinates are reported in standard Montreal Neurological Institute (MNI) space

® FDR corrected
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Figure Legends.

Fig. 1 Seed placements overlaid on high resolution coronal sections. ‘y’ denotes the anterior-
posterior coordinate in standard Montreal Neurological Institute (MNI) space. Right hemisphere
is displayed on the right. DC, Dorsal Caudate; DCP, Dorsal-caudal Putamen; VC, Ventral

Caudate; VRP, Ventral-rostral Putamen

Fig. 2 Regions of significant correlation with left and right hemisphere seeds overlaid on a high
resolution anatomical image. Voxels with prpr<0.05 are displayed. In axial and coronal sections,
right hemisphere is displayed on the right. DC, Dorsal Caudate seed; DCP, Dorsal-Caudal
Putamen seed; VC, Ventral Caudate Seed; VRP, Ventral-Rostral Putamen seed. See text and

Table 1 for details

Fig. 3 Regions where structural covariance with right Dorsal Caudate seed interacted with age
group. a. Peak coordinates were located at the right postcentral gyrus (extending to the inferior
parietal lobe and to the precentral gyrus; x,y,z= 50,-26, 52; t=5.12), the left postcentral gyrus
(x,y,z=-42,-23, 44; t=4.62), and the left inferior parietal lobe (x,y,z= -41,-51, 46; t=4.52). Voxels
with prpr <0.05 are displayed. Color bar represents t value. R indicates the right hemisphere. b.
Plot displaying the correlations (in younger and older subjects) between the adjusted volumes of
the right Dorsal Caudate seed and the right somatosensory cortex (younger subjects: r=-0.165;

p>0.05; older subjects: r=0.507; p=0.001)

Fig. 4 Regions where structural covariance with left Dorsal-Caudal Putamen seed interacted
with gender, specifically in younger subjects. a. Peak coordinates were located at the right
superior temporal gyrus (x,y,z= 62,-3, -7; t=5.04), the posterior cingulate cortex (x,y,z= -9,-37,
34; t=4.24), and the left caudal middle temporal gyrus (x,y,z= -50,-47,-3; t=4.74). Voxels with
pror <0.05 are displayed. Color bar represents t value. R indicates the right hemisphere. b. Plot
displaying the correlations (in younger and older subjects) between the adjusted volumes of the

left Dorsal-Caudal Putamen seed and the right superior temporal gyrus, in men (left) and
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women (right) (younger subjects (men): r=0.506; p=0.016; younger subjects (women): r=-0.199;

p>0.05; older subjects (men): r=-0.425; p=0.024; older subjects (women): r=0.184; p>0.05)
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